Adsorption of biomolecules on the surface of carbon nanotubes (CNTs) is important in biological fields. Given the fact that RNA-binding domain (RBD) of NS1 protects the virus against antiviral materials, molecular dynamics simulation was employed to study the adsorption of RBD on the surface of CNTs. It was observed that RBD has a greater tendency to chiral CNTs. The results of R g (radius of gyration), root mean square fluctuation, hydrogen bonds, and secondary structure analysis indicate that the main chain of RBD is strongly stretched and CNT can function as a good adsorbent for RBD.
NANO-CARRIER drug delivery is nowadays being used to target molecules selectively 1 . Since the discovery of carbon nanotubes (CNTs) 2 , a growing interest has been shown by researchers to use them for many important goals due to their unique structure 3 and advantageous properties. 4 Many applications of nanotubes have been reported in biotechnological and biomedical fields [5] [6] [7] . CNTs display a major role as biocatalysts 8, 9 , biosensors [10] [11] [12] and biomedical devices 13 . The open-ended single-walled CNTs (SWCNTs) are rolled graphene sheets with carbon atoms and have a hollow cylindrical structure. These properties have encouraged use of SWCNTs as the best carriers. Both experimental and molecular simulation studies have focused on the investigation of CNTs as carriers of peptide 14 , DNA 15 , proteins 16 and drugs 17, 18 . Some recent studies have also shown the effects of CNTs on natural biomolecular behaviour 19, 20 . Although many experimental approaches have been employed to shed light on the interactions between biomolecules and CNT surfaces, the details of these interactions taking place at the molecular level are not understood. Moreover, the techniques developed so far cannot be used to explore the details about the functioning and conformation of many properties that depend on the non-covalent adsorption on CNTs. Adsorption process dynamics can yield a better understanding of environmental and biological activities of CNTs. Thus, molecular dynamics (MD) simulation is one of the most appropriate methods for accurate study of these processes at the atomic level.
Influenza A viruses are important pathogens with worldwide prevalence. Although their real host is waterfowl, they also infect humans 21 . In 1997, influenza A virus (H5N1) was transmitted from birds to humans in Hong Kong 22 . The highly virulent H5N1 and H3N2 subtypes of avian influenza viruses caused the disease to spread in China. The World Health Organization reported 105 mortalities among 186 human cases 23 . It has been known that the wild outbreak of H5N1 subtype influenza A viruses in southeast Asia in these years are great candidates for causing the next flu pandemic. H5N1 and H3N2 viruses have been recognized for their great ability in human-to-human transmission 24, 25 . Clearly, these subtypes of influenza A virus are so virulent, with no certain reason yet found for it. On the other hand, certain contributing factors have been identified such as the influenza A virus-encoded non-structural (NS) protein 1 (ref. 26) . The NS1 protein is a multifunctional protein that participates in both protein-protein and protein-RNA interactions. Two important domains have been explained in NS1 protein performing its multiple functions ( Figure 1 ): the N-terminal structural domain (RBD) that protects the virus against antiviral materials, and the C-terminal structural domain (effector domain) that prohibits the maturation and exportation of the host cellular antiviral mRNA.
The RBD domain is responsible for all RNA-binding activities of the full-length protein 27 . Because of the important role of RBD domain in the virulent power of NS1 protein, we selected this polypeptide for further studies. MD simulations were employed to study the effects of diameter and chirality of CNTs on the adsorption energies and the structural changes of RBD.
Computational methods
MD simulations were performed using the GROMACS software package 28 , with the OPLS-AA force field 29 . The structure file of the sightly protein, 1AIL (PDB ID) was selected 30 . Water molecules and ions were removed from 1AIL structural file 31 . The VMD software was used for visualization and analysis of data, and to prepare the .pdb files for CNTs 32 . The GROMACS topologies input files for the CNTs were generated by x2top program. The parameters of uncapped CNTs are presented in Figure 2 . Kaukonen et al. 33 focused on the effect of diameter and chirality of CNTs on the Lennard-Jones (LJ) parameters by Density Functional Theory (DFT) method. They reported the values for LJ parameters of CNTs of all chiralities that are σ cc = 0.3534 nm, ε cc = 0.2906 kj mol -1 . These values are in good agreement with the recommended σ, ε by Jorgensen and Schyman 34 . Therefore we used these values for the CNTs. The equilibrium values for structural parameters of bonded interactions (bond lengths and angles) were taken from the initially generated structure of CNTs, and the force constants for the bond and angle harmonic potentials were adopted from the OPLS-AA force field 35 . The length of CNTs was set at 4 nm. All carbon atoms in the CNTs were uncharged and flexible. To neutralize the systems, chloride ions were added to the boxes that contained RBD molecule.
The parameters of LJ potential for the cross-interactions between non-bonded atoms (e.g., CNT-protein, CNT-water) were obtained from the geometric combining rules 36 , ij ii jj
where i and j indicate the type of particle. The size of simulation boxes was 6.75 × 6.75 × 6.75 nm 3 . Periodic boundary conditions were applied for all cases. Particle Mesh Ewald (PME) summation 37 was used to calculate the long-ranged electrostatic interactions, with a cutoff distance of 12 Å. A time step of 1 fs was set. TIP4P or TIP3P water models are commonly used in the OPLS simulations 38 . The TIP3P water model was used in all simulations since it is a three-site model and significantly reduces the simulation costs. This water model is suitable for biomolecular simulations as well. There were 7970 water molecules in each simulation box to maintain a constant density of 1000 kg m -3 . The pressure was held at 1 atm by Parrinello-Rahman coupling 39 and the temperature was maintained at 300 K using the Berendsen thermostat 40 . For computation of adsorption energy, simulation boxes consisting of the CNT-protein-water systems, the CNT-water systems, and the protein-water systems were built. The CNT-protein-water systems were run with starting structures that the closest atom to the surface of CNT was placed at ~5 Å, to ensure sufficient space to contain several layers of water between protein and the CNT surface 41, 42 . For calculation of the energy of each system, 500,000-step energy minimization was carried out at first. All systems underwent 1 ns MD simulation in NVT conditions and then 7 ns of MD runs in NPT ensemble, until the temperature, density and the total energy fluctuated around constant values. In all systems, we have not seen any significant changes in these parameters after 5 ns and they were equilibrated well.
The interaction energy, E int , for all systems in MD simulations is defined as
In eq. (3), E int stands for the total interaction between the protein (RBD) and the CNT surface, and E CNT+pro , E CNT and E Pro are the total energy of the CNT-protein complex in water, the total energy of CNT in water, and that of the protein in water respectively. These values were derived from the preserved frames by averaging the data for the last 1 ns (ref. 41) . In general, 13 simulation cases were prepared, run and analysed. They are: RBD in water, six of them included a CNT in water (CNTs shown in Table 1 ) and the other cases consisting of RBD and CNT.
Results and discussion

Effect of chirality and diameter of CNT on the adsorption energy
The results show that the adsorption phenomenon occurred in all systems before 5 ns. The mean values of adsorption energies are shown in Figure 3 . It can be concluded that the RBD polypeptide has a greater tendency for adsorption on the surface of chiral CNTs. The least tendency was observed in the armchair CNTs. We observed a similar trend in our previous study 43 in which we investigated the adsorption of twenty amino acids on the surface of CNTs with different chirality. There, we found that the chiral CNTs are the best and armchair CNTs are the worst type to capture the amino acids. This was because of the less aromaticity of the armchair CNTs. As known, adsorption is proportional to the surface of contact between two materials. Then we can expect that the adsorption of RBD on the surface of CNTs increased by increasing the diameter of CNTs. This point was only observed in each chirality type of CNTs. For example, the adsorption of RBD on the surface of (3, 3) CNT gave -235.6 kcal mol -1 energy. By doubling the diameter, this value increased to -261.8 kcal mol -1 in (5, 5) CNT case. But the adsorption of RBD on the surface of (4, 1) CNT was more than the (10, 0) CNT or (5, 5) CNT, although the diameter (and so the adsorbent surface) of (4, 1) CNT was less than (10, 0) and (5, 5) cases. Maiti et al. 44, 45 showed that adsorption depends on the 'available surface area'. They investigated the number of contacts between the adsorbent and adsorbed materials. It appears that the adsorption is affected by the number of contacts. Then what is important in adsorption energy is available surface area and not only the surface of adsorbent.
In our case, it appears that the chirality of CNTs is affected by the available surface area. We can conclude that more aromaticity of chiral CNTs (for example (4, 1) CNT) provides more available surface area for adsorption of RBD. Although (4, 1) CNT has less diameter and less surface than (5, 5) or (10, 0) CNTs, it is a better adsorbent for RBD. This is because of more chirality, more aromaticity and more available surface area of (4, 1) CNT. Based on the adsorption energy values, it may be suggested that (8, 2) CNT is the best case for adsorption of RBD.
Conformational changes in RBD
By tracking the trajectory files visually, we found that the structure of RBD had changed. In Figure 4 , we can see the equilibrated structure of RBD near the (4, 1) CNT, before (Figure 4 a) and after (Figure 4 b) 8 ns MD simulation. Clearly, the structure of RBD is affected by CNT. It appears that the main chain of amino acids is opened and the whole of the RBD backbone is stretched. To gain more insight, we calculated the R g and RMSF parameters of RBD. Then we studied the changes in the secondary structure and intramolecular hydrogen bonds for RBD adsorbed on the surface of CNTs. 
Investigation the R g of RBD
In order to determine which of the CNTs has a greater effect on the structure of RBD, we calculated the R g parameter for RBD polypeptide. R g is defined as 
where r i and r com represent the position vector of each atom and the vector of centre-of-mass. If R g increases, it means that the structure is expanding. For RBD in pure water, the mean value of R g is calculated as 6.86 ± 0.23 Å. The values of R g for adsorbed RBD on the surface of CNTs are shown in Figure 5 .
Based on these data, the R g value of adsorbed RBD is greater than that in pure water. This indicates that the RBD structure is stretched due to the presence of CNTs. In other words, all CNTs (with any chirality and diameter) bring about RBD stretching. In addition, the chiral CNTs make the most changes in the structure of RBD. These results agree with the adsorption energy values obtained. The significant point is that the (8, 2) CNT is the best adsorbent for RBD from the energy viewpoint, but the (4, 1) CNT is the best adsorbent for RBD from the structural changes viewpoint. The R g values of RBD that are adsorbed on the surface of CNTs are nearly two times with respect to pure water, which implies that the tertiary structure of RBD has obviously changed.
Therefore, we can conclude that chiral CNTs are generally the best candidate adsorbents of RBD. It may be claimed that the (8, 2) CNT (the chiral CNT with larger diameter) is the best collector adsorbent for RBD from a viral medium. Where the changes of RBD structure and its biological functions by a CNT are sought, the (4, 1) CNT (the chiral CNT with the smaller diameter) seems to be a better choice.
Investigation the RMSF parameter of RBD residues
We then calculated the RMSF of RBD adsorbed on the surface of CNTs and that of RBD in pure water. In Figure  6 , RMSF values of adsorbed RBD are plotted versus the number of RBD residues. For comparison, the RMSF values of RBD in pure water are shown. As seen, most changes in the RMSF values (compared to any RBD residues in pure water) belonged to Lys 70, Ile 68, Leu 69, Asp 2 and Met 1. These data show that the adsorption of RBD on the surface of CNTs does not lead to any Figure 6 . RMSF values of 70 RBD residues before and after adsorption on the surface of CNTs shown as black and white circles respectively. Each CNT type is presented with (n, m) in the graphs. significant structural changes. Because the greatest change in RMSF values in all systems is observed for terminal amino acids, we can conclude that in RBD structure, both N-terminal and C-terminal amino acids are affected by CNTs. According to RMSF results, it appears that RBD adsorption does not greatly change its secondary structure and that only the main chain of RBD is stretched. To get more details about the structural changes of RBD, we focused on the secondary structure analysis. Table 1 lists the initial and final results of the secondary structure of RBD evaluated by VMD sequence viewer. The interesting point is that all types of CNTs (chiral, zigzag and armchair) with any diameter value, cause similar changes in the secondary structure of RBD. Table  1 shows that the dominant structure of RBD in pure water is a α-helix. After adsorption, α-helix is the dominant structure of RBD as well. Only the five amino acids (Ser 44, Thr 49, Leu 50, Ile 68 and Leu 69) that have participated in α-helices transform into β-sheet component turns and Val 60 (with α-helix structure in initial form) transforms to random coil structure.
Secondary structural changes in RBD
According to these data, it can be concluded that the secondary structure of RBD has no significant changes. But it appears that the tertiary structure has changed, because of the transformation of α-helix to β-sheet. We know that the change in tertiary structure of a protein alters the number of intramolecular HBs 44 . Therefore, we investigated the intramolecular HBs of RBD before and after adsorption. 
Effect of CNT on the intramolecular hydrogen bonds in RBD
There are some intramolecular HBs in all biomacromolecules that influence the properties of proteins and their biological functions 46 . We calculated the number and lifetime of intramolecular HBs for RBD in all systems, using the GROMACS package. Optimal cutoff distance was determined as 3.5 Å and optimal cutoff angle was set at 30°. The results are shown in Table 2 .
These data indicate that the adsorption of RBD on the surface of CNTs causes increase in the number and lifetime of intramolecular HBs. The CNT which creates the most R g value in RBD molecule forms the most intramolecular HBs. Where the number of intramolecular HBs increases, the lifetime of these HBs is more. It appears that when the folded main chain of polypeptide was opened and the tertiary structure of protein was changed, more intramolecular HBs with more durability were formed to increase the stability of protein structure. The intramolecular HB properties agree with the results of secondary structural changes. The adsorption of RBD on the surface of CNTs changes the α-helices (in two domains) to the β-sheet component turns. It is known that when every backbone N-H group donates a HB to the backbone C=O group of four residues earlier amino acids (i + 4 → i) hydrogen bonding, an α-helix is formed 47 .
However, formation of a β-sheet component turn is due to (i + 1 → i) or (i + 2 → i) hydrogen bonding 48, 49 . Therefore it is certainly acceptable that when an α-helix transforms into a β-sheet component turn, the number of intramolecular HBs be increased.
Conclusions
The adsorption process of RBD on the surface of CNTs with different chirality and diameters was investigated by MD simulation. Adsorption occurred in all systems before 5 ns. The RBD polypeptide has a greater tendency to be adsorbed on the surface of chiral CNTs. Increasing the diameter of CNT leads to greater adsorption energy. Visual analysis showed that the structure of RBD is affected by CNT. It appears that the main chain of amino acids is opened and the whole RBD backbone is stretched. To gain more insight on this process, we investigated the conformational changes of RBD during the adsorption. The values of R g for adsorbed RBD have been increased by the presence of CNT. The tertiary structure of RBD has obviously changed and chiral CNTs lead to the most changes. The significant point is that the (8, 2) CNT is the best adsorbent for RBD from the energy viewpoint, and the (4, 1) CNT is the best adsorbent for RBD from the structural changes viewpoint. RMSF analyses show that both N-terminal and C-terminal amino acids of RBD (Lys 70, Ile 68, Leu 69, Asp 2 and Met 1) are affected by CNT. But it does not greatly change the secondary structure of RBD. We then focused on the secondary structure analysis. During adsorption, only five amino acids (Ser 44, Thr 49, Leu 50, Ile 68 and Leu 69) transform from α-helices to β-sheet component turns and Val 60 transforms from α-helix to random coil structure. Calculation of the intramolecular HBs in RBD molecule indicates that the HB's number and lifetime have increased after adsorption. These data are in agreement with the results of secondary structure changes. Finally, we conclude that CNTs, especially chiral type, can be used as an adsorbent for influenza A virus from a viral medium.
